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Abstract

Four large lysimeters on the San Dimas Experimental Forest, each filled with similar parent material
and planted with monocultures of native species in 1946, provide a unique opportunity to quantify
short-term effects of plant species on soil properties. The four species under which soils were inves-
tigated are scrub oak (Quercus dumosa Nutt.) , chamise (Adenostoma fasciculatum Hook. and Am.),
ceanothus (Ceanothus  crassifolia Torr.), and Coulter pine (Pinus  coulteri B. Don). A mass-balance
approach was used to measure changes in C, N, exchangeable base cations, and exchangeable acidity
to a depth of 1 m in the mineral soils over a 41-year period. The C content increased in all of the soils,
but the greatest change was in the soil under oak (3.7 kg mm3).  more than doubling the original
amount. Since the source of C in these soils is the photosynthetic fixation of atmospheric CO,, the
mass of C accumulated reflects the magnitude of the CO2 sink provided by chaparral soils in their
initial stages-of formation. The calculated rate of soil C accumulation is as much as 0.09 kg mm3
yr-‘. The increase in N was highest in the soil under ceanothus (0.12 kg mP3),  the only Nz-fixing
species in this study. Exchangeable Ca increased by 25.7 mol mm3  in the soil under oak, while the
maximum increase in exchangeable Mg was 5.5 mol m -3 also under oak. Exchangeable Na was
leached from all of the soils (a maximum of 2.4 mol mP3 lost from under chamise and ceanothus)
and K was slightly depleted.

1. Introduction

Soil chemical conditions of chaparral and conifer ecosystems in the Transverse and
Peninsular Ranges of southern California have been reported (Vlamis et al., 1954; Hellmers
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et al., 1955; Hanawalt and Whittaker, 1977; Graham et al., 1988; Taylor et al., 1990),  but
the existing data document soil properties that developed in response to environmental
conditions that are only partially known, over indeterminant, but generally long, time
periods. To fully understand the more immediate implications of vegetation changes on soil
chemical conditions, carefully controlled, relatively short-term experiments are required.
These experiments must produce baseline data against which future changes can be meas-
ured. Such an experiment has been in progress on the San Dimas Experimental Forest in
southern California.

The biotic soil forming factor (Jenny, 1941) is difficult to assess since vegetation com-
monly covaries with other factors such as climate, parent material, topography, and time.
The soils of the large unconfined (earthen-walled) lysimeters at the San Dimas Experimental
Forest provide a unique opportunity to quantify short-term effects of plant species on soil
properties because the biotic factor is the only variable in a sequence of soils. The lysimeters
(5.3 m by 5.3 m by 2.1 m deep) were filled in 1937 with homogenized sandy loam and,
after a 9-yr  stabilization period, were planted with monocultures of species native to the
southern California mountains (Colman and Hamilton, 1947).

Previously, Graham and Wood ( 1991) demonstrated significant morphologic develop-
ment and clay redistribution in the lysimeter soils and found that these changes were
controlled, and varied, by plant species. In this study, we used a mass-balance approach to
quantify subtle changes of C, N, exchangeable base cations, and mineral-derived nutrient
pools within these mineral soils. Our goal is to develop data for prediction of relatively
short-term (on the order of decades) soil property changes as influenced by native plant

s p e c i e s .

2. Materials and methods

2.1. Site description

The site is located on the San Dimas  Experimental Forest, 56 km northeast of Los Angeles,
California, at an elevation of 830 m in the San Gabriel Mountains. The annual precipitation
averages 678 mm and ranges from 292 to 1224 mm (Dunn et al., 1988). Most of the
precipitation falls as rain between December and March. The mean annual air temperature
is 14.4”C (Dunn et al., 1988) and the lysimeter soils probably satisfy the mesic  temperature
regime criteria (Graham and Wood, 199 1) The natural vegetation of the surrounding area
is chaparral, dominantly chamise, hoaryleaf ceanothus, bigberry  manzanita (Arctostaphylos
glauca  Lindl.), and scrub oak.

2.2. The lysimeters

The lysimeters were designed and arranged to minimize variation of all environmental
influences except vegetation (Colman and Hamilton, 1947; Patric. 1961 a, b). A detailed
description of the lysimeter installation and the soils is given by Patric ( 1961a) and Graham
and Wood ( 1991). The lysimeters were excavated by hand and the soil material, derived
from weathered diorite, was mixed thoroughly, passed through a 19 mm mesh screen. and
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stockpiled in a large, covered building. Analyses at the time showed no statistically signif-
icant difference in texture (fine sandy loam) in 100 random samples taken from the stockpile
(Patric, 1961b).

The lysimeters were filled in 7.5 cm thick increments, each successive layer being chopped
thoroughly with a flat-bladed spade after placement to insure uniform packing. Composite
samples of each layer were collected during filling and archived in glass jars. A 5% slope
was imposed on the lysimeter soil surfaces. In 1946, after a 9 yr settling period, monocultures
of scrub oak, ceanothus, chamise, and Coulter pine were established on 17 m by 24 m areas,
each including an unconfined lysimeter and surrounding buffer strips.

In 1960, a wildfire swept the lysimeter plots, introducing a typical chaparral ecosystem
process. Photographic records show that the chamise and ceanothus stands were burned
completely, leaving only charred stems. The oak and pine were less affected, with only
spotty burning of litter under the oak and a light bum of loose needle litter (but not duff)
under the pine (P.J. Zinke, 1994, pers. commun.)  The chamise and ceanothus resprouted,
and all stands were again vigorous and virtually pure by 1972 (J.H. Patric,  1974, unpubl.
data) and persisted as such to the present.

2.3. Field and laboratory methods

In 1987, three pedons from each of the lysimeters were described and sampled by
morphologic horizon using conventional procedures (Soil Conservation Service, 1984). In
each case, one pedon was sampled to 1 m and two other pedons were sampled to 0.35 m.
The soil morphological and physical properties are reported by Graham and Wood ( 199 1) .
Bulk samples were air dried and sieved to remove coarse fragments ( > 2 mm). Particle-
size distribution was determined by the pipet  method (Gee and Bauder, 1986). Carbon and
exchangeable cations were measured in all three pedons, while N and exchangeable acidity
were determined on only the 1 m deep pedon. All analyses were also performed on corre-
sponding depths of the archived parent material from each lysimeter.

Bulk density of the soils sampled in 1987 was determined in triplicate for the 1 m deep
pedon using Saran-coated clods, or cores in the case of thin, fragile A horizons (Soil
Conservation Service, 1984). Bulk densities were not corrected for gravel contents, which
ranged up to 12% (Graham and Wood, 1991). Bulk density of the original soil material
was calculated from the known volume of the lysimeters and the mass of soil added (Patric,
1961b).

Effective cation exchange capacity (ECEC) was calculated from the sum of base cations
and exchangeable acidity. Extractable base cations, determined using an automatic vacuum
extractor and 1M NH,OAc at pH ‘7.0 (Soil Conservation Service, 1984), are equivalent to
exchangeable base cations because CaCO, and soluble salts were absent. Exchangeable
acidity was determined by extracting with 1M KC1 at the pH of the soil and titration with
O.lM NaOH  (Thomas, 1982).

Soil pH was determined on 1: 1 soil:water mixtures with a glass electrode. Total N was
measuredusing the Kjeldahl method (Bremnerand Mulvaney, 1982). Total C was measured
by dry combustion (Nelson and Sommers, 1982).



2 .4  Mass balance calculations

The derivation and application of mass-balance equations to hydrochemical and pedo-
genic processes are discussed in detail by Brewer (1964), Brimhall et al. (1992),  and
Chadwick et al. ( 1990). Volume, dry bulk density, and chemical composition of the parent
material and 1987 soils are related to mass fluxes into or out of the profile. Analysis of the
archived parent material, corresponding to the depths sampled in 1987, permitted the
calculation of changes in chemical composition over a 41 yr period.

The first step in computing mass changes due to pedogenesis is the determination of
strain, 6.w. a measure of soil volumetric changes due to additions and losses of material.
Strain is calculated using the equation from Brimhall and Dietrich, ( 1987):

q w =
(Pp)Cci.p)  _1

(Pw)(ci,w)

where p,, is the parent material bulk density, C, r is the concentration (in weight percent)
of an immobile component i in the parent material, pw is the weathered soil bulk density,
and C, w is the concentration of i in the weathered soil.

The medium plus coarse sand fractions (0.25 to 1 .O mm) were used as the immobile
component, i, to calculate strain in the 1987-sampled  soils and are reported in Table 1. This
combination of sands, selected because it constituted a large proportion of the profile, has
undergone virtually no chemical or physical transformations during the past 41 years, and
has not been added by eolian processes. Earthworms tend to avoid the larger sand fractions
and gravels (Russell, 1973),  supporting the concept that the coarser fractions are relatively
immobile in the profile. We did not use the gravel and very coarse sand fraction because
they represented a small portion of the total sample and, with their relatively large grain
size, introduced a higher error and more variability into the depth-strain function.

The absolute gain or loss of an element, 6, w, per unit volume of parent material is
calculated as follows (Brimhall et al., 1992):

s,. u = Pwcj. w( 6. w + ‘I3 - Ppcj.  p

where C,, uI and Cj. r represent the concentration of an element or exchangeable cation, j, in
the weathered soil and parent material, respectively. The Sj. ,,, takes into account changes in
soil volume and mass flux of elements for each horizon. These values are summed to a
depth of 1 m.

3. Results and discussion

3.1. Changes in strain with soil depth

Strain was positive and generally greatest in the surface horizons (Table 1) . Below the
A horizons, strain was fairly constant with depth and remained near zero or slightly negative.
Positive l ,. ~ reflects soil dilation resulting from increased porosity, incorporation of low
density organic matter. and/or the dilution of the immobile components used to calculate



Selected properties of the original fill material and pedons sampled to 100 cm depths

Horizon Depth Texture’ Bulk density pHb 6,. .
E

(cm) (Mg m-‘)
Sand Clay cs+ms

Archived materiald
57.8 ( 1.5) 11.0 (0.5) 17.2 (1.0) 1.57 5.9 (0.03)

1987 Oak
-A O-7 54.3 13.6 19.4 Cl.92 5.8 0.52 (0.10)

AC 7-20 58.4 11.2 18.7 1.71 5.6 -0.11 (0.01)
Cl 20-35 57.6 11.4 17.5 1.70 5.7 -0 .04 (0.03)
c 3  50-65 57.7 11.4 17.9 1.70 5.6 -0.12 (0.02)
C5 80-100 57.4 10.2 18.0 1.71 5.7 -0.16 (0.01)

1987 Pine
A O-1
BAt I-10
Bt 10-20
BCt 20-35
c 2  50-65
c4  80-100

1987 Chamise
Al O-1
A2 l-7
AC 7-20
Cl 20-35
c 3  50-65
C5 80-100

1987 Ceanothus
Al O-2
A2 2-10
AC IO-20
Cl 20-35
C3 50-65
C5 SO-100

60.8 8.8 18.3 1.08 4.9 0.35 (0.36)
58.1 11.0 18.0 1.75 5.8 -0.11 (0.01 )
57.6 11.9 18.7 1.76 5.9 -0.16 (0.01)
56.6 11.9 18.2 1.72 5.8 -0.11 (0.01)
57.5 11.4 17.6 1 54 6.0 -0.13 (0.01)
57.7 10.5 17.7 1 80 6.1 -0.19 (0.02)

57.4 11.4 19.7 1.38 5.7 0.01 (0.06)
57.7 10.9 17.7 1.65 6.2 - 0.06 ( 0.02)
58.6 11.6 17.4 1.79 6.3 - 0.08 ( 0.01 )
51.5 11.5 17.5 1.69 5.6 -0.13 (0.01)
56.5 11.8 16.3 1.73 5.9 -0.10 (0.01)
56.9 10.1 16.6 .75 5.9 - 0.07 (0.01 )

56.1 14.8 19.2 0.92 5.4
57.8 11.5 17.8 1.67 5.4
58.4 11.7 19.2 1.67 6.0
57.8 11.9 17.9 1.72 5.8
57.5 11.5 16.8 1.61 5.8
57.5 10.8 17.4 1.74 5.8

0.57 (0.20 )
- 0.05 ( 0.03)
- 0.22 ( 0.01 )
-0.07 ( 0.01 )

0.04 (0.05  )
-0.14 (0.01)

‘Sand = 0.05 to 2 mm: Clay < 0.002 mm; cs + ms = 0.25 to 1 .O mm. Values in %  (w/w ) of < 2 mm fraction.
bpH determined on 1:l soil:water mixture. Values reported here are considered more accurate than those reported
by Graham and Wood (1991).
‘Strain calculated using cs + ms as the immobile component ( C,)J Means and standard deviations t in parentheses)
were calculated using replicate bulk densities for the 1987 soils. The C,,  F values used were cs + ms for archived
samples corresponding to the appropnate 1987  horizons. not the mean i 17.2% ) reported in this table.
d n =  24 samples of the original fill material collected at similar depths as the 1987 pedon honzons from all four
unconfined lysimeters.  Standard deviations are in parentheses.
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ej, W. Earthworm activity, observed in all but the soil under pine, mixes organic matter into
the soil and increases porosity, resulting in decreased bulk density (Graham and Wood,
199 1) . Negative 4, w values result from increased bulk density of the 1987-sampled  soils
and indicate soil collapse or settling. Settling cracks in the soil under chamise were observed
in 1987 (Graham and Wood, 1991). The pattern of strain in these lysimeter soils results
from their overall compaction and settling over time, as well as fauna1 activity and incor-
poration of organic matter at the surface.

Calculated strain values could also be affected by the different methods used to measure
bulk density for the original fill material and the pedons sampled in 1987. The clod method
usually gives higher values than other methods because it does not account for interclod
spaces (Blake and Hartge, 1986). In the 1987-sampled  soils, however, structural develop-
ment was either insufficient to produce interclod spaces or was fine enough to be included
within the sampled clod volume.

3.2. Carbon and nitrogen

From 1946 to 1987, the C content in the A horizons increased 17-fold to 3.5% under oak,
8-fold to 1.3% under pine, 27-fold to 4.4% under chamise, and 13-fold to 5.5% under

c e a n o t h u s .  Over the same time, the A horizon N content increased 9-fold to 0.17% under
oak, 6-fold to 0.11% under pine, 9-fold to 0.17% under chamise, and 20-fold to 0.40%
under ceanothus (Table 2). Carbon and N concentrations in the soil show a strong linear
relationship (N = 0.007 + 0.057C;  r;! = 0.907) and their changes were prominent in the
upper 20 cm of the soils (Fig. 1) .

Integrating the absolute elemental changes to the l-m depth accounts for total mass input
or loss from that thickness of the soil profile (Table 3). Absolute increases in C and N were
noted in all of the 1987-sampled  soils. The largest increase in C was found in the soil under
scrub oak, which also had the thickest A horizon due to the incorporation of plant litter by
earthworms (Graham and Wood, 1991) . The source of C in these soils is the photosynthetic
fixation of atmospheric CO;?. The rate of CO,-C sequestration, calculated by dividing the
total accumulation (Table 3) by 41 years, was 0.02 to 0.09 kg me3 yr-’ during this initial
stage of soil formation. These values are five to ten times greater than those reported for
older soils (4 to 240 ka) in a moist temperate grassland ecosystem in northern California
(Chadwick et al., 1994).

The effect of fire on total soil C depends on the bum intensity. Severe burning ( > 500°C)
results in combustion of organic matter and nearly complete loss of organic C within the
upper 1 to 8 cm of mineral soil (Ulery and Graham, 1993). These temperatures are usually
only reached under concentrated fuel, such as fallen logs. Moderate burning, such as that
experienced by the chaparral lysimeter plots in 1960, has little direct effect on the mineral
soil, but bums standing vegetation and the litter layer, producing ash on the soil surface.
Wood-ash, containing C in the form of calcite (Ulery et al., 1993) or charred woody
material, can be readily incorporated into surface soils by leaching or other natural mixing
processes. Thus, fire may increase the rate of C accumulation in stable soils of chaparral
ecosystems. Many natural chaparral sites, however, are on unstable slopes that experience
considerable erosion after fire, resulting in loss of wood-ash, litter, and mineral soil (DeBano
and Conrad, 1978).
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Table 2
Carbon, N,  and exchangeable cation contents of the parent material, p; and the “weathered” or 1987 soil, w ’

H o r i z o n  C, C, N, Nw Cation content (cmol kg-‘)                               (cmol(((cmolcmol  kg-‘)

(%) (%) (%) (%) ca, c&v Mg,  Mgw Na, Na, I<p Kw acid, b acid,

Oak
A

AC

Cl

c3
C5

0.20 3.48
(0.34)

0.24 0.39
(0.01)

0.20 0.27
(0.02)

0.20 0.21
0.16 0.19

0.02 0.17 8.17 14.46 (0.53) 5.84 6.76 0.18 0.05

0.02 0.03 8.01
(0.21) (0.02)

10.56 (0.29) 5.99 6.70 0.20 0.05
(0.09) (0.01)

0.02 0.02 7.93 9.70 (0.81) 5.62 6.53 0.18 0.08
(0.17) (0.03)

0.02 0.02 8.11 10.05 5.31 5.78 0.17 0.06
0.02 0.01 8.31 9.23 6.49 6.73 0.22 0.18

0.12 0.33 0.26 0.13
(0.02)

0.14 0.12 0.27 0.45
(0.00)

0.13 0.11 0.25 0.46
(0.01)

0.12 0.10 0.23 0.44
0.12 0.11 0.28 0.44

Pine
A

BAt

Bt

BCt

c2
c4

0.16 1.29 0.02 0.11 8.34 7.80(1.14) 5.97 4.22 0.15 0.05 0.11 0.28
(0.20) (0.09) (0.04) (0.06)

0.23 0.51 0.02 0.04 8.62 9.64 (0.14) 6.13 5.89 0.15 0.04 0.12 0.19
(0.08) (0.08) (0.03) (0.01)

0.18 0.40 0.02 0.03 7.75 10.63 (0.08) 5.70 6.11 0.17 0.05 0.13 0.14
(0.06) (0.41) (0.04) (0.02)

0.20 0.34 0.02 0.02 7.89 9.81 (0.34) 5.67 5.97 0.20 0.04 0.13 0.13
(0.05) (0.36) (0.02) (0.01)

0.23 0.32 0.02 0.02 7.79 9.79 5.30 5.90 0.17 0.06 0.13 0.11
0.16 0.26 0.02 0.02 7.95 9.31 6.08 6.50 0.23 0.21 0.12 0.11

Chamise
Al 0.16 4.31

(0.46)
A2 0.24 0.88

(0.29)
AC 0.27 0.35

(0.15)
Cl 0.32 0.25

(0.09)
c3 0.18 0.20
c5 0.25 0.18

Ceanothus
Al 0.41 5.47

(1.89)
A2 0.26 0.54

(0.13)
AC 0.19 0.29

(0.03)
Cl 0.28 0.27

(0.01)
c3 0.28 0.22
c5 0.23 0.18

0.02 0.17 8.41 13.23 (1.31) 4.68 5.16 0.18 0.01 0.13 0.33
(0.45) (0.01) (0.03)

0.02 0.06 8.61 9.99 (0.65) 4.87 5.39 0.18 0.01 0.14 0.16
(0.43) (0.01) (0.02)

0.02 0.02 8.34 9.50 (0.30) 4.39 5.68 0.18 0.00 0.14 0.11
(0.27) (0.00) (0.02)

0.02 0.02 8.91 8.79 (0.40) 5.36 5.70 0.17 0.02 0.14 0.11
(0.48) (0.01) (0.02)

0.02 0.02 9.39 8.79 5.56 5.45 0.20 0.04 0.13 0.08
0.02 0.02 9.80 9.25 6.12 6.20 0.25 0.11 0.12 0.11

0.02 0.40 8.36 15.82 (2.29) 5.76 5.66 0.19 0.02 0.12 0.45
(1.45) (0.01) (0.08)

0.02 0.06 8.59 10.77 (0.94) 5.66 6.05 0.19 0.02 0.14 0.14
(1.46) (0.02) (0.02)

0.02 0.03 8.46 9.65 (0.48) 5.67 6.40 0.19 0.02 0.14 0.10

(1.06) (0.04) (0.01)
0.02 0.02 8.33 8.99 (0.19) 5.88 6.24 0.19 0.04 0.14 0.10

(1.15) (0.04) (0.01)
0.02 0.01 9.48 10.72 6.34 5.72 0.19 0.05 0.14 0.11
0.02 0.02 8.76 9.72 5.96 6.71 0.25 0.12 0.13 0.09

0.15 0.45

0.21 0.51

0.22 0.42

0.24 0.42

0.24 0.31
0.24 0.33

0.26 0.17

0.25 0.11

0.26 0.23

0.25 0.41

0.27 0.40
0.29 0.42

0.25 0.26

0.28 0.09

0.29 0.27

0.25 0.42

0 . 2 4  0.45.
0.29 0.59

“Standard deviation is reported in parentheses for mean values from triplicate pedon sampling. All other values for the 1987 soil;
are from a single pedon.
bKCl-extractable  acidity.
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Fig. 1. Change (8,. ,) in C and N with depth in each of the lysimeters, corrected for soil volume and density
changes.

The soils under ceanothus and oak had the highest overall increases in N, with rates of
0.003 kg m-’ yr-’ over the I m depth. The N additions are probably due to inputs from
microbial fixation (under ceanothus), incorporation of organic matter, and atmospheric
fallout. Atmospheric deposition of nitrogen oxides (NO,) and ammonium (NH: ) , common
in southern California smog (Bytnerowicz et al., 1987), may be a significant contributor to
the N content of these soils. Riggan et al. ( 198.5) measured inorganic N input of 0.0023 kg
m-’ yr-’ from canopy throughfall in native chaparral at the San Dimas Experimental
Forest. The major source of this N was dry deposition, but 0.0008 kg rns2 yr-’ came from
rain. This total rate is two orders of magnitude higher than that for a California chaparral
site with near natural atmospheric conditions (Schlesinger et al., 1982),  and nearly matches

Table 3
Total accumulations after 41 yr of C, N, exchangeable cations, and effective cation exchange capacity (ECEC)
integrated over the soil profile depth of 1 meteP

C N Exchangeable (mol me3)

(kg m-? (kg m-‘) Ca Mg Na K Acidityb ECEC

Oak 3.1 0.11 25.7 5.5 - 1.6 -0 .1  2.5 32.0
Pine 2.0 0.04 21.2 1.4 - 1.6 -0 .1  1.9 22.8
Chamise 0.9 0.06 - 0 . 7  4.6 - 2.4 - 0 . 4  1.5 2.6
Ceanothus 1.4 0.12 17.0 1.6 - 2.4 - 0 . 5  2.5 18.2

“For these summations, values were interpolated for the 35-50 and 65-80 cm depths.
bKCl-extractable acidity.
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the maximum annual accumulation rate (0.003 kg m-‘)  for the upper 1 m of the lysimete
soils.

In his study of N in chaparral soils, Zinke ( 1969) investigated the concentrations of N
in both the vegetation and soils of the San Dimas unconfined lysimeters. His results showed
that total N (including soil and surface litter N) increased more, relative to the parent
material, in the soil under ceanothus than under other vegetation types. Zinke (1969)
suggested that this gain was in response to N,-fixation  by the ceanothus and showed that
most of the N added to the ceanothus lysimeter was associated with the above-ground
vegetation and surface litter. The scrub oak stand had slightly less total N than the ceanothus
soil-vegetation system, but had the largest N gain in the soil alone (Zinke, 1969),  perhaps
because of greater incorporation of organic matter into the soil by earthworm activity under
oak.

Chaparral fires result in net loss of N from the ecosystem. DeBano and Conrad (1978)
reported a soil N loss of 0.0036 kg m-’ out of a total 0.0146 kg m-’ for plants, litter, and
soil combined. Most soil N was lost from the upper 2 cm because soil temperatures during
burning were relatively cool below this depth. As with C, N can be added to the mineral
soil by wood-ash deposits (Christensen and Muller, 1975),  so a net increase in N within
the mineral soil after fire is possible.

3.3. Exchangeable cations, acidity, and CEC

 

 
 

Exchangeable Ca increased by 2 5 cmol kg - ’ in three of the 1987 A horizons relative
to the parent material (Table 2). The amount of Ca and Mg on the exchange in the A
horizon under pine was lower than in the parent material (Fig. 2). For all soils, the amounts
of K and Na on the exchange were much less than either Ca or Mg (Fig. 2).

Integrated over the 1 m depth, exchangeable and exchangeble Ca increased under all but
chamise Mg increased under each vegetation type, (Table 3). Addition of Ca on the
exchange was most pronounced for the soil under oak (Fig. 2). Atmospheric deposition o f
Ca and Mg, decomposition of organic matter, and weathering of primary minerals are
possible sources of exchangeable cations. Fauna1 activity, including the previously men-
tioned earthworm activity, contributes to higher organic matter decomposition rates, releas-
ing Ca and Mg to exchange sites (Binkley and Richter, 1987).

Another potential source of exchangeable cations is wood-ash, which is high in Ca and
other nutrient elements (Ulery et al., 1993). The wildfire in 1960 mineralized the above-
ground biomass of the chamise and ceanothus stands. In contrast, wood-ash production was
spotty under the oak and virtually nonexistent under the pine (P.J. Zinke, 1994, pers.
commun.) . Thus, less Ca and Mg was released by burning to exchange sites in the A horizon
under oak and pine. In general, the organic matter of all four species contains considerably
less Mg than Ca (unpubl. data; Zinke, 1977), resulting in overall lower total additions of
Mg to exchange sites (Table 3). The soil under chamise is a notable exception in that the
exchangeable Mg increased over a 1 m depth while the Ca decreased (Table 3). Hanawalt
and Whittaker ( 1977) also reported higher exchangeable Mg values for soils under chamise
than for those under other southern California vegetation types they studied.

Exchangeable Na was lower throughout the 1987 soil profiles than in the corresponding
parent material samples for all of the vegetation types (Fig. 2). The negative values for
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Fig. 3. Change (6,. ,) in exchangeable acidity and effective cation exchange capacity (ECEC)  with depth in each
of the Iysimeters. corrected for soil volume and density changes.
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exchangeable Na in Table 3 indicate that Na was leached from the soils for the full 1 m
depth considered in this study.

Exchangeable K increased in the A horizons of each of the soils relative to the parent
material, but decreased with depth (Table 2). Below 20 cm, K was depleted from the soils
(Fig. 2). These redistribution trends suggest biocycling;  that is, uptake of K by plant roots
deeper in the profile and subsequent deposition of K in organic litter on the soil surface.
Potassium is also a component of wood-ash and may have been deposited at the surface
during the fire in 1960. Exchangeable K was nearly unchanged in the oak and pine soils
within the 1 m profile and decreased slightly in the chamise  and ceanothus soils (Table 3 j .
Preferential uptake and retention of K by the standing phytomass may account for observed
K depletions. Furthermore. these soils contain vermiculite which may fix K and render it
non-extractable by NH,OAc solutions (Douglas, 1989),  a mechanism that may help account
for low values of exchangeable K.

Total exchangeable acidity is composed of H and hydrolyzable Al on exchange sites.
Aluminum is tightly bound to organic compounds and, unless the pH of the soil is below
5.5, very little H exists on the exchange (Thomas, 1982). With the exception of the A
horizons under pine and ceanothus, the soil pH values were > 5.5 (Table l), indicating
minimal exchangeable acidity ( <0.6 cmol  kg-‘, Table 2), and virtually no exchangeable
H, for all of the soils. Exchangeable acidity generally increased in the soils, relative to the
parent material, below 20 cm (Fig. 3). In the surface horizons, only the soil developed
under pine had noticeably higher exchangeable acidity than the parent material. The A
horizon under pine had a substantially lower pH than the surface horizons of the other three
soils, which had pH values that were closer to those of the original fill material (Table 1).
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Binkley and Richter ( 1987) reported lower soil pH values under pine species compared to
other plants and also noted that burning tends to raise soil pH. Lower soil pH and higher
exchangeable acidity under pine may be the result of the acidifying pine needle litter and/
or the absence of wood-ash under the pine after the 1960 fire.

Exchangeable acidity increased slightly within the upper 1 m of all soils (Table 3). A
marked increase in exchangeable acidity in the deepest horizon was observed in the soil
under the N,-fixing ceanothus (Fig. 3). Nitrification of surplus N results in a net production
of H (Van Miegrot and Cole, 1985), and may help increase exchangeable acidity, as has
been noted in soils under N,-fixing red alder (Alnus  rubra) (Johnson et al., 1991) .

The effective cation exchange capacity (ECEC) is the CEC of the soil at the soil’s pH
and is calculated as the sum of the extractable cations and the exchangeable acidity. Reflect-
ing the increases in exchangeable Ca, Mg, and acidity, the ECEC increased in all of the
soils. Total increases in ECEC were highest for the soil under oak and lowest in the chamise
soil (Fig. 3)) but there was no apparent relationship between plant species and ECEC with
depth. New exchange sites result from incorporated organic matter and clay minerals
produced by weathering. In some horizons increased soil pH may contribute to higher ECEC
by creating more negatively charged sites on materials with pH-dependent charge. Overall,
these mechanisms contributed to an increase in ECEC by 3 to 32 mol mP3 over 41 years
(Table 3), or at annual rates of between 7 and 78 cmol  me3 yr-i.

4. Conclusions

After 41 years, increases in soil C, corrected for soil volume and density changes, ranged
from 1.0 to 3.6 kg m-* over 1 m depth. These data provide a baseline range for the C-
fixation abilities of fire-affected southern California chaparral soils. The soil developed
under scrub oak had the highest total additions of C and exchangeable Ca. The A horizon
in this lysimeter was 7 cm thick compared to 1 or 2 cm for A horizons developed under
other types of vegetation. Earthworm activity was highest under oak and the resulting
incorporation of organic matter is probably responsible for the higher soil C and exchange-
able Ca values.

Soil N increased slightly in the soils of each vegetation type, but was highest under
ceanothus (0.14 kg m-3),  apparently because of N,-fixation by that species. The increase
in exchangeable acidity was also highest in this soil and may be contributed to by acidity
produced during nitrification  of microbially fixed N.

Exchangeable Na was lost from the soils under all of the vegetation types and replaced
by other exchangeable cations. This rapid decrease demonstrates how readily Na is leached
during the initial stages of pedogenesis. Exchangeable K did not change much in these soils,
but has accumulated slightly at the soil surface as a result of biocycling.  The ECEC increased
in all of the soils in response to the addition of exchange sites associated with organic
matter, clay minerals, and, in some cases, a slightly higher pH, which produces more negative
sites on pH-dependent-charged  materials.

In this decade-scale study. amounts and distributions of elements and chemical properties.
particularly C, N, Ca, and Mg. varied substantially within the mineral soils in response to
the type of vegetation established during the initial stages of pedogenesis. The results suggest
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that shifts in vegetation, for example those induced by climate change, can quickly change
soil chemical properties and the role of soils as sinks or sources in biogeochemical cycles.
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